Filamentous bacteria, identified as members of the genus Beggiatoa by gliding motility and internal globules of elemental sulfur, occur in massive aggregations at the deep-sea hydrothermal vents of the Guaymas Basin, Gulf of California. Cell aggregates covering the surface of sulfide-emanating sediments and rock chimneys were collected by DS R/V Alvin and subjected to shipboard and laboratory experiments. Each sample collected contained one to three discrete width classes of this organism usually accompanied by a small number of "flexibacteria" (width, 1.5 to 4 ,um). The average widths of the Beggiatoa classes were 24 to 32, 40 to 42, and 116 to 122 ,um. As indicated by electron microscopy and cell volume/protein ratios, the dominant bacteria are hollow cells, i.e., a thin layer of cytoplasm surrounding a large central liquid vacuole. Activities of Calvin-cycle enzymes indicated that at least two of the classes collected possess autotrophic potential. Judging from temperature dependence of enzyme activities and whole-cell CO2 incorporation, the widest cells were mesophiles. The narrowest Beggiatoa sp. was either moderately thermophilic or mesophilic with unusually thermotolerant enzymes. This was consistent with its occurrence on the flanks of hot smoker chimneys with highly variable exit temperatures. In situ CO2 fixation rates, sulfide stimulation of incorporation, and autoradiographic studies suggest that these Beggiatoa spp. contribute significantly as lithoautrophic primary producers to the Guaymas Basin vent ecosystems.
Dense animal communities at most deep-sea hydrothermal vents are largely, if not entirely, dependent on the production of organic carbon by lithoautotrophic bacteria. In the presence of geothermally generated hydrogen sulfide as the electron donor and free oxygen of the ambient seawater, this life-supporting interaction in a permanently dark environment occurs predominantly in endosymbiotic associations (5, 10) . A significant part, however, is contributed by freeliving bacteria emitted in the plumes of the warm (ca. 20°C) hydrothermal fluid and in dense microbial mats as food for filter-feeding and surface-grazing animals. In addition to symbiotic and free-living sulfur-as well as methane-oxidizing bacteria, free-living types also include extremely thermophilic anaerobic lithoautotrophs (methanogens) and sulfur-reducing heterotrophs (13, 14) .
In certain locations, the most conspicuous microbial mats consist of large filamentous sulfur bacteria of the genera Beggiatoa and Thiothrix (11, 12) . Both of these genera have long been believed to contain strains capable of chemoautotrophic growth at the expense of sulfide oxidation in a medium devoid of organic compounds (17, 38) . However, amidst numerous studies in which Beggiatoa strains did not show evidence of chemoautotrophic growth (summarized in reference 19) , there have been only a few confirmations of chemoautotrophy in pure culture for Beggiatoa spp. (25, 26) .
Unusually heavy mats of Beggiatoa-like filaments were observed when the Guaymas Basin vents were discovered in the Gulf of California (P. F. Lonsdale, Abstr. EOS, Am. Geophys. Union 61: 995, 1980 ). This particular deep-sea vent site (2,000 + 10 m) differs from all other known tectonic spreading centers by the fact that the emission of the 350°C hydrothermal fluid from the lava bedrock occurs below and * Corresponding author. t Contribution 7021 of the Woods Hole Oceanographic Institution.
passes through a 400-m layer of relatively rapidly depositing sediment (1 m/1,000 years). These deposits represent a mixture of terrigenous and pelagic material, the latter adding a significant organic component of largely diatomic origin (32) . The hydrothermal fluid reaches the sediment surface in typical hot smokers with exit temperatures of 150 to 355°C or, in more peripheral areas of sediment, as slow pore-water extrusions. The latter commonly exit at temperatures below 100°C and are quickly cooled by the 3°C bottom seawater, but pore-water temperatures can increase up to about 180°C at a sediment depth of 80 cm (H. W. Jannasch, in D. L. Wise, ed., Bioprocessing and Biotreatment of Coal, in press).
After initially studying a preserved sample of a bacterial mat from this site (9), we had the opportunity to participate in follow-up cruises during the summer of 1985 and the winter of 1988. Beggiatoa filaments were observed loosely attached or floating directly above H2S-emanating sediments. These mats were one to several centimeters thick and occurred in patches several meters across interspaced by areas of black sediment. Massive mats were also observed within stands of vestimentiferan tube worms (Riftia sp.) on the nearly vertical sides of large hot smoker vent chimneys. At the center of these mats, the aggregations were up to 60 cm thick and engulfed the tube worms up to their red gill plumes. The bacteria were collected with a vacuum cleanerlike device, dubbed a slurp gun. Although the organisms were not successfully cultured, we were able to conduct a number of studies that are described in this report. Preparation of filament suspensions. On board ship, filaments from the slurp gun samples were concentrated by centrifugation (4,000 x g, 2 min) or settling at room temperature and were suspended in either filtered (0.2-,um pore size) or autoclaved natural seawater at a density of 0.1 to 3.2 mg of protein per ml. Suspensions are designated by dive number followed by a letter if the sample was subdivided and variously treated. Some suspensions were cleaned by one of several methods (Table 1) in an attempt to remove remaining unicellular bacteria.
Determinations of filament volume and width. A sample (0.1 to 2.0 ml) of each filament suspension was immediately diluted 10-to 100-fold into 2.5% glutaraldehyde-supplemented sterile natural seawater or phosphate buffer (0.1 mM, pH 7.0) and stored at 4°C until analysis. In the laboratory, appropriate dilutions were stained with acridine orange, evenly distributed by gentle suction onto black Nuclepore filters, and viewed by epifluorescence microscopy (8) . Several discrete width classes of filamentous bacteria were clearly recognizable for any single preparation. For each width class, total filament length was estimated by counting vertical and horizontal intersections of filaments with a superimposed grid (30 (2), using the microassay procedure previously described (27) .
Enzyme assays. Samples (1 to 15 ml) of filament suspensions were centrifuged (12,000 x g, 20 min), and the cell pellets were immediately frozen (-80°C). Samples were transported on dry ice and stored at -80°C. Before assay, the cells were thawed, suspended in assay buffer (100 mM Tris hydrochloride, 20 mM MgCl2, 5 mM NaHCO3, 6.5 mM dithiothreitol, pH 8.2), passed twice through a chilled French pressure cell (1.1 x 105 kPa), and centrifuged (12,000 x g, 10 min, 4°C) to remove debris. The resultant cell extract was assayed for the activities of D-ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO; EC 4.1.1.39) and ATP: D-rubulose-5-phosphate-1-transferase (phosphoribulokinase, EC 5.3.1.6) according to procedures detailed elsewhere (28) , with the exception that exogenous RuBisCO was not added to the phosphoribulokinase assays.
Carbon dioxide fixation. Shipboard experiments were conducted to measure the 1'4CO2 fixation capacity of a freshly collected filament suspension, sometimes after cleaning (Table 1). Portions of the suspension were supplemented with Na2S (100 to 500 ,uM) or Na2S203 (10 mM) or left unsupplemented (control). These were then incubated at temperatures ranging from 8 to 45°C under a normal (20%) 02 gas phase unless a reduced 02 gas phase (0.8%, balanced by N2) is indicated. Subsamples were removed at 0.5-to 1-h intervals over a 3-h period, filtered, washed, and fumed over HCl (37) . The amount of carbon fixed into cell material was calculated from data obtained with a Beckman LS-100 liquid scintillation counter. Incorporation data are expressed relative to dry weight, which was measured directly (less the tare weight of an average filter) for dense suspensions or computed as twice the protein value of more dilute suspensions.
A Plexiglas sampling-incubating device was used by the research submersible during several dives for in situ measurements of CO2 fixation. Filament tufts were collected by pushing the sampler slowly into a thick mat of Beggiatoa spp. and closing it before injecting NaH'4CO3 from an attached syringe. Each sample was incubated in situ (3°C and 200 atm) for 5.2 to 7.2 h before it was retrieved by the submersible and returned to the ship for analysis by the procedure described above.
Electron microscopy and autoradiography. Samples fixed in phosphate-buffered glutaraldehyde (2.5%) immediately after retrieval were prepared for transmission electron microscopy by published methods (12) . They were dehydrated in a graded series of ethanol followed by two 5-min exchanges in propylene oxide. The samples were embedded in Spurrs epoxy resin and treated with Reynold stain (2% aqueous uranyl acetate and lead citrate). Thin sections were examined and photographed with a Zeiss 10 CA electron microscope. Autoradiography was conducted in parallel to the CO2 fixation experiments with filament suspension 1966. The filaments were incubated in sterile artificial seawater with 100 ,uM sulfide and 5.0 VLCi of NaHl'4CO3 per ml at both 19 and 48°C. Filtering, coating, and exposure of Kodak NTP-2 emulsion were done by the method of Tabor and Neihof (36) .
Miscellaneous methods. Duplicate samples from suspensions 1606A and 1615B were filtered (type AA, 0.45-,um pore size; Millipore Corp., Bedford, Mass.) and stored frozen until assayed for elemental sulfur (S°). The filters were dried (60°C, 24 h) and then twice extracted with spectral-grade CS2. After the solvent was transferred and evaporated, the dried residue was dissolved in petroleum ether (90 120°C boiling fraction). After cyanolysis, So was assayed spectrophotometrically (1). The So contributed by the solvent and filters was less than 5% of the total.
As a source of RuBisCO from a mesophilic Beggiatoa sp., a chemoautotrophic strain (MS-81-6) was grown at 25°C in sulfide-oxygen gradient medium (8 mM sulfide agar) as detailed by Nelson and Jannasch (25) . (34) .
RESULTS
(ii) They were capable of gliding motility. The narrow filaments (dives 1612, 1615, and 1970) and the medium-width 1 '--1- (Fig. 4) . A significant decline in activity was observed only above 55°C. At 30°C, the phosphoribulokinase activity of this vent Beggiatoa sp. was 6.7 nmol of CO2 mg of protein-'l min-'.
By comparison, a pure culture of Beggiatoa strain 81-6 showed an activity profile which was displaced toward cooler temperatures by approximately 10°C (Fig. 4) . Sus (Table 2) . By contrast, the mesophilic marine strain (81-6) showed only 27% of its 30°C activity at 50°C. Suspensions 1606B and 1968, dominated by medium and wide Beggiatoa filaments, respectively, possessed activity at 30°C but no detectable activity at 50°C; however, the 30°C activity was close to the limit of detection for suspension 1606B. Microscopy and autoradiography. Light microscopy of narrow Beggiatoa filaments (Fig. 5A ) and of a wide filament (Fig. SB) showed extensive inclusions of sulfur. Electron microscopy of a sectioned narrow filament (Fig. 5C ) revealed the hollow structure of these cells. The relatively small amount of cytoplasm is distributed as a layer attached to the cell wall. There is no clear indication of a membrane separating the cytoplasm from the inner liquid vacuole of the cell, and no cytoplasm extends toward the cross walls. The layered gram-negative cell envelope is shown in the transmission electron micrograph of Fig. 5D which was taken from a wide filament. The balls of cytoplasm suggest extensive membrane intrusions as described by Maier and Gallardo (21) in their studies of Thioploca species. The unharmed state of the cell envelope as well as the active metabolism and gliding of the freshly collected filaments argue against a drastic morphological change during sample retrieval or fixation.
Autoradiographs demonstrate extensive 14CO2 fixation by Beggiatoa filaments of both width classes contained in suspension 1966 (Fig. 6A and B) . No grain development could be observed in the flexibacteria-like filaments (Fig. 6A,   lower left) , an indication that they lack the capacity for CO2 fixation. In 48°C incubations, no CO2 fixation could be demonstrated by autoradiography.
Cell volumes and protein values. The cell volumes of all width classes are recorded in Table 1 for the various filament suspensions. The hollow nature of the majority of cells in these suspensions is demonstrated as follows. The total protein per milliliter of suspension was measured and compared with an estimated protein value which was derived from (i) the Beggiatoa spp. biovolume per milliliter of suspension and (ii) the assumption that this volume had the protein content of average bacterial cells. The measured protein values of the vent Beggiatoa suspensions were only 9 to 32% of the corresponding estimates (Table 3 ). In 1615 , and 1970 appear to be sulfide-oxidizing lithoautotrophs. Since they compose at least 95% of the biovolume in these suspensions (Table 3) , their RuBisCO activities ( Fig. 4 ; Table 2 ) are of the same magnitude as that of known lithoautotrophs. The rates of CO2 incorporation were sometimes strongly stimulated by sulfide ( Fig. 2B and 3) . Prince et al. (31) suggest that these bacteria possess novel enzymes for sulfide oxidation. They indicate that most of the soluble c-type cytochromes from a bulk collection of filaments identical to suspension 1615B represent a high-molecularweight complex (Mr 210,000) which appears to have appropriate redox properties to be involved in the sulfide metabolism. Redox titrations suggested four thermodynamically distinct hemes (Em7 +140, +15, -160, and -340 mV).
The wide filaments dominant in suspension 1968 also appear to be autotrophic. Their total cell volume is 100 times larger than that of the 27-,um-wide filaments ( Even after making allowance for temperature differences, whole-cell rates of CO2 incorporation ( Fig. 2 and 3 ) are lower than RuBisCO activities of the corresponding suspensions (Table 2 ; Fig. 4 ). Failure to duplicate in situ conditions in the shipboard incorporation experiments is the most likely explanation for this since natural populations and pure cultures ofBeggiatoa spp. are known to require low and very specific concentrations of oxygen and soluble sulfide for growth (16, 26) .
Unusual properties of vent Beggiatoa spp. Certain enzymes are known to have a higher temperature optimum and a higher temperature maximum in cell-free systems than is reflected by growth of whole cells (4, 29) . We found this to be true in our control strain 81-6, which has an upper growth limit of 38°C and an upper limit of the RuBisCO activity at approximately 52°C (Fig. 4) . Some of our data suggest that the narrow Beggiatoa filaments of dives 1612, 1615, and 1970 are similar to each other and moderately thermophilic in their temperature optimum (Table 2 ; Fig. 4 ). For these samples, the optimum range and maximum temperature of RuBisCO activity are approximately 10°C higher than those of the mesophilic marine control strain. The comparative data of Fig. 4 are very similar to those presented by others (7) for RuBisCO activity of a moderately thermophilic Chromatium sp. (50°C optimum) and a mesophilic control strain.
The whole-cell CO2 incorporation data reported (Fig. 3 Morphology. Electron micrographs (Fig. SC and D) and to form much thicker mats than the narrow Beggiatoa filaments observed in near-shore sediments. The latter can extend at most a few millimeters above the sediment/water interface (22) .
